Introduction
Ossification of the ligamentum flavum (OLF) is a pathologic condition leading to compression of the spinal cord and nerve roots, thus sometimes causing severe myeloradiculopathy [18] . Many cases of ossification of spinal ligaments have been reported, mainly in Japan [18] . However, ossification of spinal ligaments is now recognized as an important disease not only in the Japanese but also in peoples in Europe and the United States [5, 7] .
The cause of this disease is not known, but recent etiological studies have indicated that the onset of ossification of spinal ligaments is associated with patients' genetic background [15] . Many patients have subclinical OLF [14] ; symptomatology depends on the degree of the narrowing of the spinal canal that is caused by the increased mass of OLF [17] . In addition to the etiological studies about the patients' genetic background, such as the search for mutations, researchers should therefore also investigate the local regulators involved in the progression of OLF after the onset of this condition. The process of OLF has been reported to be a novel form of endochondral ossification [8] , in which cartilagenous template determines the shape and volume of the skeleton [13] . Recently, a key molecule regulating cartilage formation has been identified. The molecule is called cartilage-derived morphogenetic protein (CDMP)-1 and has been identified as a member of the transforming growth factor (TGF)-β superfamily [1] . Mutations of the CDMP-1 gene result in abnormal formation of the skeleton, such as seen in acromesomelic chondrodysplasia [6] . Thus CDMP-1 appears to Abstract Localization and expression of cartilage-derived morphogenetic protein (CDMP)-1 in tissues at the site of ossification of the ligamentum flavum (OLF) were examined by immunohistochemistry and in situ hybridization. The CDMP-1 protein and messenger ribonucleic acid (mRNA) were localized in spindle-shaped cells and chondrocytes in the OLF tissues. CDMP-1 was not detected in cells in non-ossified sites. These data indicate that CDMP-1 is locally activated and localized in spindle-shaped cells and chondrocytes at the site of OLF. Given the previously reported promoting action of CDMP-1 for chondrogenesis, the current results suggest that CDMP-1 may be involved in the progression of OLF, leading to the narrowing of spinal canal and thus causing severe clinical manifestations.
Keywords Ossification · Ligamentum flavum · Cartilagederived morphogenetic protein-1 · In situ hybridization · Immunohistochemistry be a key molecule in physiologic chondrogenesis in humans. Furthermore, we recently reported that transgenic mice with overexpression of the CDMP-1 gene in chondrocytes in cartilaginous template exhibited apparent expansion of cartilage [16] . This reported activity of CDMP-1 suggests that the molecule plays a role in the expansion of the OLF mass via promotion of chondrogenesis. However, involvement or localization of CDMP-1 in OLF has not yet been reported.
The purpose of this study is to examine the activation and localization of CDMP-1 at the site of OLF. In situ hybridization and immunohistochemical analysis were performed with a complementary ribonucleic acid (cRNA) probe and an antibody against human CDMP-1.
Materials and methods
Specimens of OLF tissues were obtained from three patients during surgery. Control specimens of ligamentum flavum without ossification were obtained from two patients with lumbar canal stenosis during surgery. Informed written consent was obtained from all patients. The characteristics of these five patients are summarized in Table 1 . The tissues were fixed in 4% paraformaldehyde (Merck, Darmstadt, Germany) in phosphate-buffered solution (PBS; pH 7.4; Sigma Chemical, St. Louis, MO, USA). These tissues were decalcified in 20% ethylenediaminetetraacetic acid (EDTA; Nakalai Tesque, Kyoto, Japan) and embedded in paraffin as described [11] . Histological sections of 4-µm thickness were prepared. These sections were stained with Masson trichrome stain to reveal the elastic fibers and with safranin O/fast green stain to distinguish the cartilaginous matrix.
In situ hybridization Digoxigenin-11 uridine triphosphate (UTP)-labeled single-strand cRNA was prepared as described. A human complementary deoxyribonucleic acid (cDNA) specific for CDMP-1 (an ApaI fragment, residue 470-1155) [1] was subcloned into pBluescript SKII + plasmid and was either linearized with EcoRI and transcribed by T7 RNA polymerase to generate a antisense probe or linearized with HindIII and transcribed by T3 to generate a sense probe. In situ hybridization was carried out as described [11] . Hybridized signals were detected using a Nucleic Acid Detection Kit (Boehringer Mannheim) according to the manufacturer's instructions.
Immunohistochemistry Immunohistochemistry was performed as described [10] . Goat polyclonal antibody against human CDMP-1 (purchased from Santa Cruz Biotechnology, Santa Cruz, CA, USA) was used as a primary antibody at a 1:100 dilution. Immunoreactions were detected using the streptoavidin-peroxidase method with Histofine SAB-PO kits (Nichirei, Tokyo, Japan) according to the manufacturer's instructions.
The number of positive cells detected by immunohistochemistry and in situ hybridization was counted using a microscope as described [9] .
Results
In the non-ossified lesion (NO in Fig.1a) in tissues of OLF patients, the ligament fibers were dense, regularly organized, and attached to the lamina (Fig. 1b) . Neither CDMP-1 protein nor messenger RNA (mRNA) was detected in these locations (Fig. 2a,b) .
In the OLF lesion (OLF in Fig. 1a ), there were fewer ligament fibers and they were severely disorganized. In the portion distant from the ossification front (D in Fig. 1a ), there were numerous spindle-shaped cells (Fig. 1c) . In the intermediate portion close to the ossification front (IM in Fig. 1a ), a few chondrocytes were found among the disorganized ligament fibers (Fig. 1d,e) . Numerous chondrocytes were seen in the calcified ossification front (OS in Fig. 1a,f,g ). CDMP-1 was immunolocalized in spindleshaped cells distant from the ossification front (Fig. 2c) . Chondrocytes in the intermediate zone (Fig. 2e ) and ossification front (Fig. 2g ) also showed positive immunoreactivity for anti-CDMP-1 antibody. In situ hybridization with antisense cRNA probe for human CDMP-1 showed results similar to those of the immunohistochemical analysis (Fig. 2d,f,h) . Furthermore, CDMP-1 protein and mRNA were not detected in any lesion in ligamentum flavum obtained from patients without OLF (data not shown). The percentage of positive cells based on the results of immunohistochemistry and in situ hybridization assays is summarized in Table 2 .
Immunohistochemical analysis using the normal serum of the same species as the primary antibody showed no immunoreactivity. In situ hybridization using a sense probe showed no signals. Positive control studies were performed using human neonatal articular cartilage. Articular chondrocytes were positive for both the anti-CDMP-1 antibody and the antisense CDMP-1 probe.
Discussion
This study is the first to describe the localization of CDMP-1 in the ossification of spinal ligaments. Both CDMP-1 protein and mRNA were activated and localized specifically in spindle-shaped cells and chondrocytes in OLF tissues. CDMP-1 is reportedly localized in undifferentiated mesenchymal cells and chondrocytes in the growth plate of human fetuses [1] . Distribution of CDMP-1 in undifferentiated spindle-shaped cells and chondrocytes in OLF tissues shown in the current study do not conflict with this previous report.
Receptors for CDMP-1, such as bone morphogenetic receptors types IB and II [12] , are reportedly activated and localized in spindle-shaped cells and chondrocytes in OLF tissues. In view of this previous study, the current findings indicated the involvement of local signaling of CDMP-1 in cells in OLF tissues [3] . The reported role of CDMP-1 is to induce and promote chondrocyte proliferation and differentiation [6] . In addition, we previously reported that transgenic mice with overexpression of CDMP-1 apparently exhibited expansion of the cartilage template, which led to the increase of the mass of the skeleton [16] . Given the findings of this previous study, local activation of the CDMP-1 in spindle-shaped cells and chondrocytes at the site of OLF may cause the the OLF lesion to expand, leading to the narrowing of the spinal canal. If CDMP-1 is one of the molecules which regulates the chondrogenic process of OLF, targeting the local regulation of CDMP-1 may control the progress of OLF and the associated clinical severity of this disease.
Other growth factors, such as TGF-β [4], bone morphogenetic protein (BMP) [3, 4] , and insulin-like growth factor (IGF)-1 [2], are reportedly involved and localized in the process of ossification of spinal ligaments. These molecules may play synergistic and/or different roles in the process of OLF, and further studies are needed to elucidate the precise actions of CDMP-1 and its relationship to other local growth factors in the local regulation of the pathogenesis of ossification of spinal ligaments.
Conclusion
Immunohistochemical and in situ hybridization analyses of CDMP-1 in surgical specimens of OLF revealed that CDMP-1 was activated and localized in spindle-shaped cells and chondrocytes in OLF tissues. CDMP-1 reportedly regulates and promotes expansion of cartilage formation; the current findings suggest that CDMP-1 may be involved in the progression of OLF, which causes severe clinical deterioration. References
